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Introduction {#sec005}
============

Atherosclerotic plaque rupture and subsequent thrombotic occlusion is considered the leading cause of acute myocardial infarction and stroke. The rupture-prone atherosclerotic plaques are characterized by large lipid cores, thin fibrous caps, increased macrophage infiltration and diminished collagen synthesis as well as decreased accumulation of smooth muscle cells (SMCs) \[[@pone.0148273.ref001], [@pone.0148273.ref002]\].

In recent years, there has been growing interest in understanding the involvement of adipocytokines in the development of cardiovascular complications. Visfatin, which was firstly found in the visceral fat and is also known as nicotinamide phosphoribosyl-transferase (Nampt) and pre-B-cell-colony-enhancing factor (PBEF), plays an important role in a variety of metabolic and stress responses. Visfatin also exhibits proliferative, anti-apoptotic, pro-inflammatory and pro-angiogenic properties\[[@pone.0148273.ref003]\]. Visfatin/PBEF/Nampt can be synthesized and mainly released by visceral fat\[[@pone.0148273.ref004]\], especially perivascular fat of the vessels \[[@pone.0148273.ref005]\], such as the aorta or coronary artery. In addition, activated monocytes/macrophages are also important sources of visfatin \[[@pone.0148273.ref006]\]. Visfatin has a positive association with coronary artery disease (CAD) and acute myocardial infarction, and there is strong visfatin immunostaining in plaques \[[@pone.0148273.ref006]\]. It has been reported that visfatin induced leukocyte adhesion to endothelial cells \[[@pone.0148273.ref007]\], enhanced the expression of IL-6 \[[@pone.0148273.ref008]\] and IL-8 \[[@pone.0148273.ref008]\] and induced a pro-coagulant phenotype in human coronary endothelial cells by promoting tissue factor expression \[[@pone.0148273.ref009]\]. In addition, visfatin induces the expression and activity of MMP-2 and MMP-9 \[[@pone.0148273.ref010], [@pone.0148273.ref011]\], which are key enzymes that facilitate the fragility of atherosclerotic plaques.

According to the above results, visfatin might have a role in weakening plaque stability. However, on the other hand, visfatin has been reported to promote collagen synthesis in rat cardiac fibroblasts via the p38MAPK, PI3K, and ERK 1/2 pathways \[[@pone.0148273.ref012]\]. Meanwhile, visfatin stimulates vascular smooth muscle cell (VSMC) proliferation via ERK1/2 and p38 signaling \[[@pone.0148273.ref005]\]. Both collagen and SMCs, the main components of the fibrous cap, are thought to have irreplaceable roles in preventing plaque rupture.

Therefore, although there are numerous studies on visfatin, the direct and precise effects of visfatin on plaque stability and thrombus formation have not yet been fully defined. In the present study, a series of in vivo and in vitro experiments was designed and performed to investigate the exact role of visfatin on morphological changes in plaque composition that are associated with increased risk of disruption.

Materials and Methods {#sec006}
=====================

Reagents {#sec007}
--------

A lentiviral vector containing the coding sequence of the visfatin gene was commercially sourced from Invitrogen (Shanghai, China). Recombinant human visfatin was purchased from Sigma-Aldrich (St. Louis, MO). Rabbit polyclonal anti-GAPDH was purchased from Cell Signaling Technology Inc. (Danvers, MA). Rabbit monoclonal anti-visfatin was purchased from Abcam (Cambridge, UK). Rabbit polyclonal antibodies to α-smooth muscle cell actin and MMP-8 were both purchased from Abcam (Cambridge, UK). Rat anti--mouse monoclonal antibody for macrophages was purchased from Abcam (Cambridge, UK). Rabbit polyclonal antibodies to phospho-NF-κB (p65) and phospho-IκBα were both purchased from Cell Signaling Technology Inc. (Danvers, MA). BAY11-7082 and SC-514, selective inhibitors of NF-κB, were both purchased from Sigma-Aldrich (St. Louis, MO). Rabbit polyclonal antibodies to smooth muscle-myosin heavy chain (SM-MHC), 22 kDa smooth muscle protein (SM22α), smooth muscle calponin (SM-Calponin), smooth muscle myosin light chain kinase (SM-MLCK), h-Caldesmon (h-CALD), Ki-67 and Osteopontin were all purchased from Bioss (Beijing, China). Rabbit polyclonal antibodies to MMP-1, MMP-2 and MMP-9 were also purchased from Bioss (Beijing, China).

Preparation of lentivirus {#sec008}
-------------------------

Mouse Visfatin gene sequence was retrieved from GeneBank (NM_021524). Firstly, plenti6.3-MCS-IRES-EGFP vector was digested with restriction endonucleases BamH I and Xhol I. Then, the Visfatin insert and linearized plasmid were joined by T4-DNA ligase and then characterized by polymerase chain reaction (PCR), restriction endonuclease digest and sequencing analysis. Lentiviral Visfatin overexpression vector was then transfected into the 293T packaging cells, and high-level lentivirus particles in culture supernatant were collected after about 48 h culture. After 50000g ultracentrifugation for 2 hours, supernatant of the viral particle stock was removed. At last, the viral was resuspended in opti-MEM cultivation liquid and preserved in---80°C.

Animal protocol {#sec009}
---------------

All animal work was performed in compliance with the Animal Management Rules of the Chinese Ministry of Health (Document No. 55, 2001) and was approved by the Animal Care Committee of Shandong University (Jinan, China). Male apolipoprotein E (ApoE^-/-^) mice (n = 80, 6 weeks of age) were purchased from Peking University (Beijing, China). As previously described \[[@pone.0148273.ref013], [@pone.0148273.ref014]\], after 2 weeks of a chow diet (5% fat and no added cholesterol), mice were given a constrictive silastic tube (0.30 mm inner diameter, 0.50 mm outer diameter, and 2 mm length; Shandong Key Laboratory of Medical Polymer Materials, Jinan, China), which was placed around the left common carotid artery. They were then given a high-fat diet (16% fat and 0.25% cholesterol) for 8 weeks. Eight weeks after the collar placement, the mice were randomly divided into 2 groups, the lenti-null group (n = 40, local injection of 1×10^7^ TU null lentivirus in left carotid artery region) and the lenti-visfatin group (n = 40, local injection of 1×10^7^ TU lentivirus containing visfatin in the left carotid artery region). Local lentiviral infection was performed as previously described \[[@pone.0148273.ref015]\]. Briefly, mice were anesthetized with pentobarbital sodium at a concentration of 40 mg/kg via intraperitoneal injection, and the silastic tubes were removed. The proximal right common carotid artery and the distal right internal and external carotid arteries were temporarily ligated. Then lentiviral suspensions were instilled into the left common carotid artery and were left *in situ* for 15 min. At last, the ligations were released and the skin wounds were closed with silk sutures. Finally, the mice were given a high-fat diet for another 4 weeks.

Tissue preparation and histological analysis {#sec010}
--------------------------------------------

As described in detail previously \[[@pone.0148273.ref013], [@pone.0148273.ref014]\], at the end of the experiments, all mice were anesthetized with intraperitoneal injection of pentobarbital, and blood samples were collected. Mice were perfused with physiological saline through the left ventricle and were then perfusion-fixed with 4% paraformaldehyde at a pressure of 100 mmHg for histological and morphological staining. The other mice were only perfused with physiological saline and then quickly stored at -80°C for real-time PCR and Western blot. The left common carotid arteries were collected and serial cryosections (5 μm) were prepared. The lipid content was identified using Oil Red O staining. Collagen was visualized using Sirius red staining. Macrophages and vessel smooth muscle cells were detected by immunohistochemistry. Briefly, sections were rehydrated in PBS (pH 7.4) for 30 min and incubated with 3% H~2~O~2~ for 10 min to inhibit endogenous peroxidase activity. After blocking with 5% bovine serum albumin (BSA) for 30 min, sections were incubated with primary antibodies overnight at 4°C, which was followed by treatment with appropriate secondary antibodies for 2 h at 37°C. Then, a 3,3'-diaminobenzidine staining kit (ZSGB-Bio, Beijing, China) was used and the sections were counterstained with hematoxylin. Corresponding sections were immunostained with the following antibodies: anti-visfatin polyclonal antibody (1:100), anti-monocyte/macrophage monoclonal antibody (MOMA-2, 1:150), anti-α-smooth muscle actin monoclonal antibody (1:100), and anti-matrix metalloproteinase (MMP-8) monoclonal antibody (1:500). Serial sections were cut at 5 μm thickness every 50 μm along the carotid artery specimens. The site with the maximal plaque size was selected for morphologic analysis. The average lesion areas and positive areas were quantified with ImagePro-Plus software (Media Cybernetics)\[[@pone.0148273.ref016]\].

Vulnerability index {#sec011}
-------------------

To precisely calculate the vulnerable index, at least 10 high-power fields (400×) at 50 μm intervals were evaluated, and the component areas of the lipids, macrophages, SMCs and collagen were quantitated. The vulnerable index was calculated with the following formula: the relative positive staining areas of (macrophages % + lipid %) / the relative positive staining areas of (SMCs % + collagen %) \[[@pone.0148273.ref013], [@pone.0148273.ref014]\].

Cell culture {#sec012}
------------

RAW264.7 cells were obtained from American Type Culture Collection (Manassas, VA, USA) and cultured in DMEM (Gibco) supplemented with 10% FBS, 10 μg/ml streptomycin and 100U/ml penicillin. To investigate the effects of visfatin on MMPs expression, RAW264.7 macrophages were cultured and treated with different concentrations of visfatin (0, 0.5, 5, 50 and 500 ng/ml) or different time points (0, 3, 6, 12, 24 and 48 h). To further ascertain the signal transduction pathway involved, RAW264.7 macrophages were cultured again and treated with different time points (0, 2, 4, 8 and 12 h) of visfatin (500ng/ml).

Western blot analysis {#sec013}
---------------------

The tissue and cell proteins were extracted with a radioimmunoprecipitation assay (RIPA) (Beyotime, Jiangsu, China), while the nuclear protein and cytoplasmic proteins of macrophages were extracted with a nuclear protein extraction kit (Beyotime, China) for evaluation of NF-κB expression. The protein concentration was measured using the bicinchoninic acid (BCA) method. Protein lysates were subjected to electrophoresis in 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) at 90 V and transferred to nitrocellulose paper (Millipore, USA) at 200 mA for 2 hours. Afterwards, the nitrocellulose paper was blocked with 5% non-fat milk for 1 h at room temperature and then washed three times with TBST (Tris-buffered saline containing 0.2% Tween-20). Membranes were incubated with primary antibodies overnight at 4°C. After three washes with TBST, nitrocellulose paper was probed with horseradish peroxidase (HRP) conjugated secondary Ab for an additional two hours at room temperature. Finally, the antigen-antibody complex was detected with an enhanced chemiluminescence (ECL) detection system (Millipore, USA). The results were analyzed with Quantity One (Bio-Rad, USA)\[[@pone.0148273.ref016], [@pone.0148273.ref017]\]. The dilution ratios of the primary antibodies and corresponding secondary antibodies were as follows: anti-visfatin (1:1000, secondary antibody: 1:10000), MMP-8 (1:200, secondary antibody: 1:15000), MMP-1 (1:200, secondary antibody: 1:15000), MMP-2 (1:100, secondary antibody: 1:15000), MMP-9 (1:100, secondary antibody: 1:15000), and GAPDH (1:2000, secondary antibody: 1:10000).

Quantitative real-time PCR {#sec014}
--------------------------

Total RNA was extracted from frozen common carotid artery specimens with TranZol Up (Trans, China). The RNA quality and quantity were analyzed by spectrophotometry. A 1 μg sample of mRNA was reverse transcribed using the First Strand cDNA Synthesis Kit (Fermentas, UAB). The amplification of the total cDNA was performed with the Light Cycler (Roche, Basel, Switzerland) real-time PCR detection system using the First Start Universal SYBR Green Master (ROX) (Roche, Swiss Confederation) for 40 cycles at 95°C for 10 sec, 60°C for 20 sec, and 72°C for 30 sec. PCR was performed in duplicate, with 18S rDNA chosen as the reference gene. The primer sequences for real-time PCR analyses were as follows: mouse visfatin, forward primer: 5'- GGCCACAAATTCCAGAGAACAG-3' and reverse primer: 5'-CCAAATGAGCAGATGCCCCTAT-3';\[[@pone.0148273.ref018]\] mouse MMP-8, forward primer: 5'- GTAAACTGTAGAGTCGATGC-3' and reverse primer: 5'-CATAGGGTGCGTGCAAGGAC-3';\[[@pone.0148273.ref019]\] and 18S, forward primer: 5'-CTTAGTTGGTGGAGCGATTTG-3' and reverse primer: 5'- GCTGAACGCCACTTGTCC-3' \[[@pone.0148273.ref017]\].

Immunofluorescence analysis {#sec015}
---------------------------

Immunofluorescence analysis was performed as previously described \[[@pone.0148273.ref017], [@pone.0148273.ref020]\]. Briefly, for tissue sections, after incubation with H~2~O~2~ and BSA, the cryosections were simultaneously incubated with primary antibodies against MOMA-2 (diluted 1:150) and visfatin (diluted 1:100) to colocalize macrophages and visfatin. Rhodamine-conjugated goat anti-rat IgG (ZSGB-Bio, Beijing, China and diluted 1:100) and FITC-conjugated goat anti-rabbit IgG (ZSGB-Bio, diluted 1:100) were used as secondary antibodies. RAW264.7 cells, cultured in 24-well plates, were treated with recombinant human visfatin. After stimulation, cells were fixed with 4% paraformaldehyde for 10 min and blocked with goat serum for 30 min. Then, cells were incubated with a primary antibody against MMP-8 (diluted 1:200), and FITC-conjugated goat anti--rabbit IgG was used as a secondary antibody. Then, immunolabeled cells were counterstained with DAPI (ZSGB-Bio) and sealed with antifade reagent. Positive immunostained areas were also analyzed with Image-Pro Plus 5.0.

Statistical analysis {#sec016}
--------------------

Predictive analytics software (PASW) Statistics 18.0 (SPSS Inc., Chicago, IL) was used to analyze the data. All data were expressed as the mean ± SEM. The normally distributed data were analyzed by one-way ANOVA, and the nonparametric variables were analyzed with the Mann-Whitney U test. *P*\<0.05 was considered statistically significant.

Results {#sec017}
=======

Up-regulation of Visfatin expression in atherosclerotic plaques {#sec018}
---------------------------------------------------------------

To determine the effects of visfatin on the stability of atherosclerotic plaques, visfatin lentivirus was used to locally infiltrate the atherosclerotic carotid arteries. In order to further determine the transduction efficiency, we respectively extracted the protein and mRNA from the carotids of the mice after lentivirus transduction for 3 days, 7 days and 4 weeks, and detected the expression of visfatin at both protein and mRNA levels. The results demonstrated that mRNA level (P\<0.05, [Fig 1B](#pone.0148273.g001){ref-type="fig"}), but not protein level (P\>0.05, [Fig 1A](#pone.0148273.g001){ref-type="fig"}), was significantly enhanced after 3 days post-transduction. However, both mRNA level and protein level were significantly enhanced after 7 days post-transduction (P\<0.01, [Fig 1A and 1B](#pone.0148273.g001){ref-type="fig"}). After 4 weeks, the transfection efficiency of visfatin in the carotid plaques was detected again, and the expression of visfatin was still significantly up-regulated in the lenti-visfatin group compared with the lenti-null group (P\<0.01, [Fig 1A, 1B and 1C](#pone.0148273.g001){ref-type="fig"}). The results above demonstrated that transfection of visfatin lentivirus successfully up-regulated the expression of visfatin in the murine carotid arteries. As described in previous studies, macrophages have been thought to be the main source of visfatin in the plaques \[[@pone.0148273.ref006]\]. In the present study, to further confirm where visfatin is generated in the plaques, we colocalized visfatin and macrophages in carotid lesions. As shown in [Fig 1D](#pone.0148273.g001){ref-type="fig"}, the immunofluorescence confirmed that although other cells which cannot be labeled by MOMA-2 antibody could also express small amount of visfatin, the majority of visfatin originated from macrophages.

![Expression of Visfatin in the lenti-null group and lenti-visfatin group.\
A, Western blot analysis was used to detect the visfatin expression in the represent samples of carotid plaques from the lenti-null group and lenti-visfatin group respectively after lentivirus transduction for 3 days, 7 days and 4 weeks. B, Real-time PCR was used to detect the visfatin mRNA expression in the carotid plaques of the lenti-null group and lenti-visfatin group. C, Immunochemical stainings of visfatin in the plaques in the lenti-null group and lenti-visfatin group after lentivirus transduction for 4 weeks were shown. The positive staining areas are indicated in brown. D, The co-localization of visfatin (green) with macrophages (red), according to immunofluorescence staining, is shown. Scale bar: 100μm. Arrows are indicative of representative visfatin staining positively regions. \*\* P\<0.01 versus the lenti-null group. Data shown are the means ± SEM.](pone.0148273.g001){#pone.0148273.g001}

Roles of Visfatin on the carotid plaque composition and stability {#sec019}
-----------------------------------------------------------------

To investigate the precise effect of visfatin on plaque stability, the levels of lipids, macrophages, smooth muscle cells and collagen in plaques were detected ([Fig 2A](#pone.0148273.g002){ref-type="fig"}), and the vulnerable indexes were also calculated. The ratio of the lipids areas to the total lesion areas of the lenti-visfatin transfection group was significantly elevated compared with the lenti-null group (*P*\<0.01, [Fig 2B](#pone.0148273.g002){ref-type="fig"}). The relative area of macrophages in the lenti-visfatin group was also significantly elevated compared with the lenti-null group (*P*\<0.01, [Fig 2C](#pone.0148273.g002){ref-type="fig"}). However, the relative area of SMCs in the lenti-visfatin group was also significantly decreased compared with the lenti-null group (*P*\<0.05, [Fig 2D](#pone.0148273.g002){ref-type="fig"}). The relative collagen levels in the lenti-visfatin group were also greatly diminished compared with the lenti-null group (*P*\<0.05, [Fig 2E](#pone.0148273.g002){ref-type="fig"}). Consequently, the vulnerability index of the lenti-visfatin group was much higher than that of the lenti-null control group (*P*\<0.01, [Fig 2F](#pone.0148273.g002){ref-type="fig"}). Meanwhile, the results of HE staining were also shown ([Fig 2A](#pone.0148273.g002){ref-type="fig"}). The plaque size of lenti-visfatin group was significantly increased compared with the lenti-null group (*P*\<0.01, [Fig 2G](#pone.0148273.g002){ref-type="fig"}) and thus leading to the degree of luminal stenosis increased. After that, we also calculated the sizes of the lipid cores of the 2 groups, and the results demonstrated that the lipid core size was also larger in lenti-visfatin group than that in the lenti-null group (*P*\<0.01, [Fig 2H](#pone.0148273.g002){ref-type="fig"}). These results demonstrated that lentivirus transfection of visfatin changed the composition of carotid plaques and significantly increased the plaque fragility.

![Effects of lenti-visfatin transfection on the plaque composition.\
A, Staining for the carotid plaques lipids (red), macrophages (brown), SMCs (brown), collagens (red, yellow and green) and HE staining in 2 treatment groups is shown. B, Quantitative analysis of the lipids (n = 20 in each group). C, Quantitative analysis of the monocytes/macrophages (n = 20 in each group). D, Quantitative analysis of the VSMCs (n = 20 in each group). E, Quantitative analysis of the collagen (n = 20 in each group). F, The vulnerability indexes were analyzed in 2 treatment groups. Scale bars: 100μm. G, Quantitative analysis of plaque size in lumens (n = 20 in each group). H, Quantitative analysis of lipid core size in lumens (n = 20 in each group). \*P\<0.05 versus the lenti-null group, \*\*P\<0.01 versus the lenti-null group. Data shown are the means ± SEM.](pone.0148273.g002){#pone.0148273.g002}

Roles of Visfatin on the body weight and serum profiles {#sec020}
-------------------------------------------------------

During the rearing period, no local or systemic adverse effects were found in the 2 groups of ApoE^-/-^ mice. We found no significant difference in the body weight of the lenti-visfatin group compared with the lenti-null group (*P*\>0.05, [Fig 3A](#pone.0148273.g003){ref-type="fig"}). These results demonstrated that the transfection of lenti-visfatin was safe in these animals. There was still no significant difference in the serum TC, TG, LDL-C and HDL-C levels among the 2 groups of ApoE^-/-^ mice (*P*\>0.05, [Fig 3B--3E](#pone.0148273.g003){ref-type="fig"}), suggesting that the local transfection of lenti-visfatin did not affect the circulating lipid panel and that the effects of lenti-visfatin transfection were independent of the serum lipid profiles. Compared with lenti-null group, the serum IL-6 and TNF-α levels were slightly increased, but with no statistical difference (*P*\>0.05, [Fig 3F and 3G](#pone.0148273.g003){ref-type="fig"}), which suggested that the effect of local transfection of lenti-visfatin has no relevance with the circulating serum inflammatory level.

![Effects of visfatin on the body weight and serum profiles.\
A, Lenti-visfatin did not have a significant effect on the body weight compared with the lenti-null group (P\>0.05). B-E, Lenti-visfatin did not have a significant effect on the serum lipid profiles compared with the lenti-null group (P\>0.05). F-G, Lenti-visfatin did not have a significant effect on the IL-6 and TNF-α inflammation markers compared to the lenti-null group (P\>0.05). Data shown are the means ± SEM.](pone.0148273.g003){#pone.0148273.g003}

Role of Visfatin on the expression of MMP-8 in vivo and in vitro {#sec021}
----------------------------------------------------------------

MMP-8 is one of the most important collagenases that can efficiently degrade collagen. To investigate the mechanism by which lenti-visfatin decreased the expression of collagen in the plaques and destroyed plaque stability, MMP-8 in the carotid plaques was assessed by immunohistochemistry. As shown in [Fig 4A--4D](#pone.0148273.g004){ref-type="fig"}, both immunohistochemisty and western blot detections were performed and the results demonstrated that the expression of MMP-8 was significantly enhanced in the lenti-visfatin group compared with the lenti-null group (*P*\<0.05).

![Effects of visfatin on the expression of MMP-8 in vivo.\
A, Immunochemical staining of MMP-8 in the plaques in 2 treatment groups is shown. The positive staining areas are shown in brown. B, Quantitative analysis of the results in A (n = 20 in each group). C, Western blot analysis was used to detect the expressions of MMP-8 in the represent samples of carotid plaques from the 2 treatment groups. D, Quantitative analysis of the results in C. Scale bars: 100μm. P\<0.05 versus the control group.](pone.0148273.g004){#pone.0148273.g004}

To further ascertain the effect of visfatin on MMP-8 expression, RAW264.7 macrophages were cultured and treated with gradient concentrations of visfatin (0, 0.5, 5, 50 and 500 ng/ml). After 24 h of visfatin treatment, MMP-8 was detected with Western blot, and MMP-8 was up-regulated in a concentration-dependent manner. As shown in [Fig 5A](#pone.0148273.g005){ref-type="fig"}, 5 ng/ml of visfatin could significantly elevate the expression of MMP-8 (P\<0.05), and the peak elevation was achieved at a concentration of 500 ng/ml (P\<0.01). Then, RAW264.7 macrophages were cultured and treated with visfatin at a concentration of 500 ng/ml for different times (0, 3, 6, 12, 24 and 48 h). As shown in [Fig 5B](#pone.0148273.g005){ref-type="fig"}, 12 h of stimulation with visfatin could significantly elevate the expression of MMP-8 (P\<0.01), which peaked at 48 h (P\<0.01). Meanwhile, the results of real-time PCR showed a similar tendency ([Fig 5C and 5D](#pone.0148273.g005){ref-type="fig"}). Subsequently, the MMP-8 expression was evaluated using immunofluorescence. After stimulation with visfatin (500ng/ml) for 24 h, RAW264.7 macrophages were examined using immunofluorescence, and there was a significantly elevated effect of visfatin on MMP-8 ([Fig 5E](#pone.0148273.g005){ref-type="fig"}). All of these data suggested that visfatin could dramatically improve the expression of MMP-8 in vivo and in vitro, promoting collagen degradation in the arteries and altering the plaque vulnerability index.

![Effects of visfatin on the expression of MMP-8 in vitro.\
A, Western blot analysis was used to detect the expression of MMP-8 at the protein level after RAW264.7 cells were stimulated for 24 h with different concentration gradients of visfatin (0, 0.5, 5, 50, and 500 ng/ml). B, Western blot analysis was used to detect the expression of MMP-8 at the protein level after RAW264.7 cells were stimulated with 500 ng/ml visfatin for different times (0, 3, 6, 12, 24 and 48 h). C, Real-time PCR was used to detect the expression of MMP-8 at the mRNA level after RAW264.7 cells were stimulated for 24 h with different concentration gradients of visfatin (0, 0.5, 5, 50, and 500 ng/ml). D, Real-time PCR was used to detect the mRNA expression of MMP-8 after RAW264.7 cells were stimulated with 500 ng/ml visfatin for different times (0, 3, 6, 12, 24 and 48 h). E, RAW264.7 cells were incubated with 500 ng/ml visfatin for 24 h. Afterwards, the cells were used for immunofluorescence staining to determine the role of visfatin on MMP-8 (green) expression (magnification 200×). \*P\<0.05 versus the control group; \*\* P\<0.01 versus the control group. Data shown are the means ± SEM from three independent experiments that were performed in duplicate.](pone.0148273.g005){#pone.0148273.g005}

Effect of Visfatin on the expression of MMP-1, MMP-2 and MMP-9 {#sec022}
--------------------------------------------------------------

In the previous studies, the expressions and activities of MMP-1, MMP-2 and MMP-9 were also reported to be induced by visfatin \[[@pone.0148273.ref010], [@pone.0148273.ref011], [@pone.0148273.ref021]\]. Therefore, MMP-1, MMP-2 and MMP-9 in the carotid plaques were assessed with western blot. As shown in [Fig 6A](#pone.0148273.g006){ref-type="fig"}, the expressions of MMP-1, MMP-2 and MMP-9 were all significantly increased in the lenti-visfatin group compared with the lenti-null group (*P*\<0.05). Then, RAW264.7 macrophages were cultured and treated with visfatin (500ng/ml) for different time, and the results demonstrated that visfatin could not increase the expressions of MMP-1, MMP-2 and MMP-9 in vitro within 24h ([Fig 6B](#pone.0148273.g006){ref-type="fig"}). But when we prolonged the stimulation time to 48h, the expressions of MMP-1, MMP-2 and MMP-9 were significantly increased ([Fig 6B](#pone.0148273.g006){ref-type="fig"}). Compared with the effect on MMP-8, which was significantly increased after 12h-stimulation, the results of other MMPs reminded us that visfatin might induce MMP-1, MMP-2 and MMP-9 in an indirect way.

![Effect of Visfatin on the Expression of MMP-1, MMP-2 and MMP-9.\
A, Western blot analysis was used to detect the expressions of MMP-1, MMP-2 and MMP-9 in the represent samples of carotid plaques from the 2 treatment groups. B, RAW264.7 macrophages were cultured and treated with visfatin (500ng/ml) for different time, and western blot analysis was used to detect the expressions of MMP-1, MMP-2 and MMP-9 at different time points. \*P\<0.05 versus the control group; \*\* P\<0.01 versus the control group. Data shown are the means ± SEM.](pone.0148273.g006){#pone.0148273.g006}

Visfatin Induced MMP-8 Expression via the NF-κB pathway {#sec023}
-------------------------------------------------------

Transcription factor NF-κB was reported to play an important role in the expression and release of MMP-8 in a previous investigation \[[@pone.0148273.ref022]\]. Simultaneously, NF-κB is one of the most important pathways through which visfatin exerts its biological effects \[[@pone.0148273.ref007], [@pone.0148273.ref023]\]. To determine whether the NF-κB pathway mediated visfatin-induced MMP-8 expression, we extracted protein from the cytosol and nucleus and evaluated the expression of P65 and IκBα. Visfatin (500ng/ml) treatment of RAW264.7 macrophages significantly increased the expression of p65 in the nucleus and decreased its expression in the cytosol in a time-dependent manner ([Fig 7A--7D](#pone.0148273.g007){ref-type="fig"}). Meanwhile, the treatment also increased the phosphorylation of IκBα in the cytosol ([Fig 7C and 7D](#pone.0148273.g007){ref-type="fig"}). Both of the effects on p65 and IκBα reached statistical significance after 8 h treatment, and they peaked after 12 h of treatment. Then, to further determine the effect of the NF-κB pathway on the reaction, we blocked the NF-κB pathway with 2 h of treatment with two inhibitors, BAY11-7082 (20 μM) and SC-514 (20 μM), before visfatin was added to the cells. Both of the inhibitors significantly suppressed visfatin-induced MMP-8 production ([Fig 7E and 7F](#pone.0148273.g007){ref-type="fig"}). All of the results indicated that the activation and translocation of NF-κB is critical for visfatin-induced MMP-8 production.

![NF-κB mediated visfatin-induced MMP-8 production.\
RAW264.7 cells were stimulated with 500 ng/ml visfatin for different times (0, 2, 4, 8 and 12 h). Protein was extracted, respectively, from the cytosol and nucleus and the expression levels of p65 and IκBα were, respectively, detected. A and B, Western blot analysis was used to detect the expression of p65 in the nucleus. C and D, Western blot analysis was used to detect the expression of p65 and IκBα in the cytosol. E and F, The NF-κB pathway was blocked with 2 h of treatment with the following inhibitors: BAY11-7082 (20 μM) and SC-514 (20 μM) before visfatin was added to the cells. Western blot analysis was used to detect the expression of MMP-8. \*\* P\<0.01 versus the control group, \#\# P\<0.01 versus the visfatin group. Data shown are the means ± SEM from three independent experiments that were performed in duplicate.](pone.0148273.g007){#pone.0148273.g007}

Discussion {#sec024}
==========

The major findings of the present study are as follows: (1) Visfatin induced the changes of the structure and composition of the plaques, and increased the vulnerability of the plaques; (2) Visfatin affects plaque MMP-8, which might reflect the mechanism underlying the observed change in plaque vulnerability index. (3) Visfatin induced the expression of MMP-8 via NF-κB pathway.

It is well known that vulnerable plaques possess the following characteristics: increased lipid core size, increased macrophage infiltration, decreased numbers of smooth muscle cells and decreased collagen content \[[@pone.0148273.ref001], [@pone.0148273.ref002]\]. Among the novel adipocytokines reported in recent years, visfatin is one of the most important, and it has been frequently investigated for its association with atherosclerotic diseases and the related cells around atherosclerotic plaques \[[@pone.0148273.ref006]\]. Visfatin has been identified as a non-traditional biomarker of inflammation \[[@pone.0148273.ref024]\] and atherosclerosis \[[@pone.0148273.ref025]\]. There is evidence of a positive association between the circulating visfatin level and endothelial dysfunction \[[@pone.0148273.ref024]\]; simultaneously, the normalization of endothelial function following renal transplantation is accompanied by a reduction in the circulating visfatin levels \[[@pone.0148273.ref026]\]. Accumulating evidence indicates that visfatin could activate the inflammation status of different cell types, including endothelial cells, VSMCs, and monocytes/macrophages. Visfatin activates the inflammation-related transcription factor, NF-κB \[[@pone.0148273.ref011]\], which is mediated by the expression of many cytokines in the plaques. Visfatin increases the expression of ICAM-1 and VCAM-1 through ROS-dependent NF-κB activation in endothelial cells \[[@pone.0148273.ref007]\], which have been thought to be the key molecules involved in macrophage recruitment and the formation of atherosclerotic plaques. Furthermore, visfatin induces tissue factor expression and promotes the transition of the human coronary endothelial cells to a pro-coagulant phenotype \[[@pone.0148273.ref009]\]. Visfatin was also reported to induce the expressions and activities of MMP-2 and MMP-9 \[[@pone.0148273.ref010], [@pone.0148273.ref011]\], as well as MMP-1 \[[@pone.0148273.ref021]\], and therefore contribute to the degradation of collagen and the extracellular matrix (ECM), resulting in atherosclerotic plaque rupture.

Nevertheless, although visfatin possesses the aforementioned properties and might accordingly exert its pro-disrupture effects on atherosclerotic plaques, there is still a lack of direct evidence of its role in atherosclerotic plaques. Conversely, visfatin has been reported to promote collagen synthesis \[[@pone.0148273.ref012]\] and stimulate VSMC proliferation \[[@pone.0148273.ref005]\]; both of these are the main components of the fibrous cap and can prevent plaque rupture. Because of the contradictory pieces of evidence, we cannot easily describe the precise role of visfatin on the stability of atherosclerotic plaques.

In the present study, to elucidate the precise effect of visfatin on plaque stability, lentivirus with high expression of visfatin was synthesized, amplified, and injected into the carotid artery. Oil Red O staining showed that lenti-visfatin infiltration could enhance lipid accumulation in the plaques. However, the lentivirus infiltration did not affect the levels of circulating lipids. The results suggested that local transfection of lenti-visfatin did not affect the systemic conditions; instead, it locally played an important role in the carotid plaques. Immunohistochemistry staining showed that lenti-visfatin infiltration could significantly increase the aggregation of monocytes/macrophages, while simultaneously diminish the expression of contractile phenotype markers of VSMCs. As shown in [S1 Fig](#pone.0148273.s001){ref-type="supplementary-material"}, in order to ascertain the role of visfatin on VSMC, rat VSMC were separated and cultured. After stimulation with visfatin, the contractile phenotype markers (α-SMA, SM-MHC, SM22α, SM-Calponin, SM-MLCK and H-Caldesmon) were decreased, while the proliferative phenotype markers (osteopontin and Ki-67) were increased, which indicated that visfatin has the character to transform contractile phenotype into proliferative phenotype. Then we detected the expression of osteopontin in the plaques, and the result confirmed again that the expression of proliferative phenotype marker of SMC was promoted. In the present study, the results demonstrated that visfatin changed the phenotype of smooth muscle cell. Masson staining also indicated that visfatin inhibits collagen expression. All of the results, as well as the calculation of the vulnerability index, strongly suggested that transfection of lenti-visfatin promoted atherosclerotic plaque vulnerability.

Subsequently, we needed to explore the potential mechanisms of collagen degradation and plaque disruption. Activated MMP-8 can cleave a wide range of extracellular matrix proteins, especially collagen I, which is the most important component of the fibrous cap and which can protect the integrity of the atherosclerotic vessel wall \[[@pone.0148273.ref027]\]. Shu Ye and his colleagues have found that knocking-out MMP8 gene in ApoE^-/-^ mice resulted in a substantial reduction of atherosclerotic lesion, and had significantly fewer macrophages but increased collagen content in the plaques \[[@pone.0148273.ref028]\]. A relationship among MMP8 gene variation with atherosclerosis progression was also observed in a population-based study \[[@pone.0148273.ref028]\]. Afterwards, they further uncovered that MMP-8 played an important role in plaque angiogenesis \[[@pone.0148273.ref029]\], which was also seen as one of the mechanisms of plaque vulnerability \[[@pone.0148273.ref030]\]. Dollery and colleagues confirmed that MMP-8, secreted from macrophages is mainly localized in the lesion's shoulder, a region that is prone to rupture \[[@pone.0148273.ref031]\]. Moreover, MMP-8 can activate other MMPs and inactivate TIMP-1 \[[@pone.0148273.ref032], [@pone.0148273.ref033]\]. MMP-8 has been considered a leading enzyme that modulates plaque rupture \[[@pone.0148273.ref027], [@pone.0148273.ref034]\]. MMP-8, also known as collagenase-2 or neutrophil collagenase, degrades collagens with 3-fold more potency than MMP-1 and MMP-13 \[[@pone.0148273.ref027], [@pone.0148273.ref035], [@pone.0148273.ref036]\]. Also, in our previous study, we found that MMP-8 plays a crucial role in plaque stability in the same animal model as in the present study. In our study, transfection of lenti-visfatin in vivo could significantly increase the expression of MMP-8 in the plaques. Then, to further evaluate the role of visfatin on MMP-8, RAW264.7 macrophages were cultured and stimulated with visfatin. As shown in [Fig 5A to 5D](#pone.0148273.g005){ref-type="fig"}, MMP-8 was significantly, time- and concentration-dependently, up-regulated by visfatin at the protein and mRNA levels. Afterwards, macrophages were stimulated with 500 ng/ml visfatin for 24 h, and the immunofluorescence results demonstrated the effect of visfatin on MMP-8.

Because other MMPs have been reported to be increased with the stimulation of visfatin \[[@pone.0148273.ref010], [@pone.0148273.ref011]\], we also detected the expressions of MMP-1, MMP-2 and MMP-9 in the plaques of carotid arteries of the mice which have been transfected with lenti-null or lenti-visfatin. We found that transfection with lenti-visfatin could also increase the expressions of MMP-1, MMP-2 and MMP-9. We then stimulated RAW264.7 macrophages with visfatin in vitro, and the results demonstrated that visfatin could not increase the expressions of MMP-1, MMP-2 and MMP-9 in vitro within 24h. But when we prolonged the stimulation time to 48h, the expressions of MMP-1, MMP-2 and MMP-9 were significantly increased. Compared with the effect on MMP-8, which was significantly increased after 12h-stimulation, the results of other MMPs reminded us that visfatin might induce MMP-1, MMP-2 and MMP-9 in an indirect way. Therefore, according to the results above, we thought that MMP-8 played a more important role than the other MMPs.

Furthermore, we found that visfatin could significantly induce both the translocation of NF-κB (p65) from the cytosol to the nucleus, which can mediate multiple biological reactions, and the synthesis and release of many cytokines, including MMP-8\[[@pone.0148273.ref022]\]. Activation and translocation of NF-κB by most agents requires phosphorylation of its inhibitory subunit, IκBα, which could mask the nuclear localization signals (NLS) of NF-κB proteins and therefore keep NF-κB sequestered in an inactive state in the cytoplasm\[[@pone.0148273.ref037]\]. We also found that visfatin promoted the phosphorylation of IκBα in the cytoplasm as well as further inhibited the translocation of NF-κB. The application of NF-κB pathway inhibitors further confirmed that visfatin induced MMP-8 production via the NF-κB pathway.

Despite of the new findings, there are still some limitations in the present study. For instance, we showed the method to establish an atherosclerotic animal model involved in plaque stability, which could reflect the changes of the structure and composition of the carotid arteries and provided us a practical tool for the investigation of atherosclerotic plaque stability. But the originations and the developments of this kind of lesions resulted from artificial local vessel stenosis, which might different from the plaques formed under natural state. In addition, transfection the lentivirus containing visfatin gene to mice also gave us a higher expression level, which help us know about the changes of the arteries led by the specifically and locally over-expression and achieve the purpose of the experiments. However, after all, the over-expression was non-physiological, and no one could accurately estimate what the virus transfected into the mice would bring in. All in all, according to the results of the present study, regulation of the local visfatin expression level might be a new approach for protecting atherosclerotic plaques. Also, further studies are needed to validate the conclusion and clarify the underlying molecular signaling mechanisms.
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###### Visfatin decreased the expression of contractile phenotype markers, but increased the expression of proliferative phenotype markers.

A, Immunofluorescence staining showed that visfatin dramatically decreased the expression of contractile phenotype markers, α-SMA and SM-MHC, in cultured rat smooth muscle cells. B, Western blot analysis showed that visfatin dramatically decreased the expression of contractile phenotype markers: SM22α, SM-Calponin, SM-MLCK and H-Caldesmon, but increased the expression of proliferative phenotype markers: osteopontin and Ki-67. C, Immunochemical staining of osteopontin in the plaques in 2 groups is shown. The positive staining areas are shown in brown. D, Quantitative analysis of the results of osteopontin in 2 groups (n = 20 in each group). Scale bar: 100μm. P\<0.01 versus the control group.

(TIF)

###### 

Click here for additional data file.
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